Although the heart has been considered primarily an aerobic organ, recent work (1) has reemphasized the possibility that measurement of oxygen consumption alone may not 1)e adequate to define the total energy utilization under all conditions. The role of anaerobic metabolism must be reviewed.
myocardial lactate extraction. Excess lactate has not been found in normal or diseased human subjects (10) (11) (12) (13) (14) (15) at rest except in a few patients with progressive muscular dystrophy (16) . None has been subjected to exercise.
The purposes of this report are to describe 1) the effects of the stresses of physical exercise and ischemia on myocardial lactate and pyruvate metabolism in man and dogs and 2) the role of anaerobiosis during these stresses.
MATERIALS AND METHODS
Thirty-four fasting, subjects were studied by cardiac and coronary sinus catheterization. Diagnoses are listed in Table I . Left ventricular failure was defined as an end-diastolic pressure greater than 10 mm Hg at rest, or a pulmonary wedge pressure greater than 12 mm Hg at rest or 17 on exercise. Coronary insufficiency (including angina pectoris alone) was defined as described elsewhere (17) . No patients had diabetes mellitus, elevated fasting blood sugar,' or severe nutritional deprivation. Cardiac medications included digitalis and thiazides; the latter have been reported to raise blood pyruvate levels (18) . Blain, Eddleman, Siegel, and Bing (19) indicated that digitalization had no effect on lactate and pyruvate metabolism. In most cases no premedication was necessary; in a few, 1 ml of a mixture of meperidine (25 mg per ml), Phenergan (6.25 mg per ml), and chlorpromazine (6.25 mg per ml) was given intramuscularly. Special care was taken to place the catheter deep in the proximal coronary sinus where homogeneity of sampling has been observed (17) , and maximal representation of left ventricular events may be expected (20) . Measurements of blood oxygen content were made immediately prior to and at least 3 minutes after onset of supine leg-raising; exercise was sufficient to raise mean myocardial oxygen consumption by 42 per cent (11.2 to 15.9 ml per 100 g per minute) and total body oxygen consumption by 112 per cent (145 to 307 ml per minute per m2). Samples for lactate and pyruvate were taken simultaneously from systemic artery and coronary vein immediately prior to and between the fifth and sixth minutes of exercise, when a steady state of hemodynamics (21) and arterial blood lactate (22) has been observed.
Samples were taken in dry syringes and transferred 1 One patient had an abnormal glucose tolerance test. (Table II) . Two desaturation (24) ; oxygen consumption was calculated dogs were given atropine to produce tachycardia; four as the product of flow and coronary arteriovenous oxydogs were bled progressively with dextran replacement gen difference, as determined manometrically in duplicate. to produce anemia without hypovolemia; in one dog the Pressure-time per minute [tension-time index (25) ] was 
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F characteristic of any clinical group. These data will, therefore, be considered as from a homogeneous sample. The differences in hemodynamics and myocardial oxygen supply among these groups have been discussed elsewhere (17, 29) . Both at rest and on exercise, there was a linear correlation between arteriovenous extraction of lactate and arterial concentrations (r = 0.70, am 0.18 at rest; and r = 0.57, am 0.19 on exercise) (Figure 1) . At the lower ranges of arterial concentration, a few negative differences were seen. Although there was a trend for pyruvate extraction to follow arterial concentration, because of the scatter, a low correlation was seen (Figure 2) .
The mean coefficients of extraction (A-V/A) for lactate and pyruvate at rest were 0.26, a =.21, and 0.06, a =.32, respectively. With exercise, the mean arterial pyruvate, arteriovenous differetnce, and extraction ratio did not change significantly. On the other hand, the mean arterial lactate level and arteriovenous difference increased significantly, but the extraction coefficient did not (0.31, a =.19) (0.1 < p < 0.2).
Myocardial excess lactate. The mean resting myocardial excess lactate was -0.18, a =.45 mmoles per L. Only three subjects, two with a history of angina pectoris (LR, RC), produced excess lactate at rest. During exercise excess lactate remained the same 2or became more negative in 26 of 32 subjects (including LR and RC). Five subjects produced excess lactate during effort; three of these had coronary insufficiency (VW, AS, CM). Four of these five subjects extracted lactate (positive arteriovenous difference), but to a lesser degree relative to pyruvate extraction. There was no quantitative correlation of lactate utilization with the degree of stress as defined by individual changes in pressure-time per minute or myocardial oxygen consumption. There was no correlation of excess lactate with the level of coronary venous oxygen saturation at rest or change on exercise. Net changes in lactate-pyruvate ratio from arterial to coronary venous blood were similar in direction to changes in excess lactate.
Systemic excess lactate. There was a rise in arterial lactate from rest (.070, a =.43 mmoles per L) to exercise (1.36, o =.69 mmoles per L), and since arterial pyruvate did not increase proportionately, calculated total body excess lactate was positive in all patients (except one) after 5 min- (Figure 4B ), but excess lactate was seen in only three experiments.
Cyanide and severe hypoxia decreased the absolute extraction of lactate at any given arterial level ( Figure 4C ). Successive increases in arterial lactate in each dog, however, were associated with a slope of progressively increased extraction (or decreased production), but transposed to the right of the control slope. Extraction was depressed or reversed, but at sufficiently high arterial concentrations did become positive. Myocardial excess lactate was observed consistently during the first 2 minutes after cyanide injection. However, after 2 minutes, while arterial lactate rose progressively, myocardial excess lactate decreased or even became negative ( Figure 5 ).
DISCUSSION
Lactate and pyruvate are of interest in myocardial metabolism for two reasons: 1) myocardium, liver, and renal cortex are the major mammalian tissues known to utilize lactate as substrate for energy production; 2) lactate and pyruvate hold a central position in relation to anaerobic metabolism.
Substrate utilization. Utilization of lactate has usually been expressed as an extraction ratio, i.e., uptake relative to arterial level. Extraction ratios for lactate and pyruvate have been shown to be decreased in a variety of human disease states (10) (11) (12) (14) (15) (16) and animal experiments (4) (5) (6) (7) (31) (32) (33) (34) . In the current study, no differences were found in mean extraction of lactate and pyruvate between patients in failure and other patient groups at rest. The stress of mild physical exercise in these subjects did not significantly alter extraction. The variation in data preclude drawing any inference from changes in extraction ratios in a given patient.
Extraction is not a problem of "threshold," as was previously maintained (12, 13) , but rather one of net balance. The regression lines for pyruvate and lactate extraction in man and dogs do not pass through the origin (Figures 1-4) . At low arterial levels the effects of endogenous lactate production may be observed as a negative arteriovenous difference. Conversely, in cyanide anaerobiosis a linear relation between arterial level and extraction was maintained, with a slope similar to the controls, but transposed to the right ( Figure 4C ). The negative arteriovenous difference actually became positive when the arterial level was sufficiently elevated.
Myocardial lactate uptake for any given arterial concentration will be decreased if intracellular glycolysis increases or if increased free fatty acid uptake inhibits pyruvate entry into the tricarboxylic acid cycle through competition for available coenzyme A (35 There are other problems associated with the excess lactate concept in addition to difficulties with steady state and heterogeneous tissue perfusion mentioned above. 1) The quantities of pyruvate involved are small and, accordingly, difficult to measure. Moreover, the influence of these low values for pyruvate on the lactate-pyruvate ratio, and thereby on the entire calculated excess lactate, may be considerable.
2) The assumption that lactate is a dead-end of metabolism has recently been questioned (39) with in vitro evidence suggesting that lactate may react directly with cytochrome b and thus bypass the DPN: DPNH ratio as the sole arbiter of its oxidation-reduction shifts with pyruvate. The quantitative importance, however, of this pathway has not been measured. 3) The DPN: DPNH re-dox potential is the lowest of the electron transport system and, presumably, the most sensitive to hypoxia. This represents the intramitochondrial DPN: DPNH. The DPN: DPNH system regulating the lactate-pyruvate ratio, however, is extramitochondrial and dependent on a "shuttle" system for transporting intracellular hydrogen across the mitochondrial membrane (40) . The full details and significance of this "shuttle" system for normal mammalian tissue and its role in DPN: DPNH control as opposed to the lactic dehydrogenase system as an indicator of anaerobiosis remain to be elucidated. In any case, it is clear that blood lactate and pyruvate, and blood redox potential (16) are several stages removed from the locus of cellular oxygenation, and represent only an approximation of intracellular events.
SUM MARY
Lactate and pyruvate metabolism was studied in 34 patients with varying forms of heart disease, at rest and during mild leg-exercise, and in 20 intact anesthetized dogs subjected to varying stress. Lactate and pyruvate extraction was a function of arterial concentration, with uptake at the higher ranges and production at lower arterial concentrations. Exercise did not alter the mean extraction ratio of lactate or pyruvate from the resting value. Myocardial excess lactate was negative at rest in the majority of subjects, and did not change or became more negative (i.e., increased utilization) on exercise in the majority, irrespective of the type of heart disease. In some subjects, however, primarily those with coronary insufficiency, positive excess lactate was seen at rest, or on exercise, or both, suggesting that anaerobic metabolism may sporadically contribute small amounts of energy to the heart. Control myocardial excess lactate in dogs was negative and became more negative with moderate stress. Lactate production and positive excess lactate were consistently seen only with severe hypoxia and cyanide intoxication.
